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a b s t r a c t
In this review, we present and discussed the main trends in photovoltaics (PV) with emphasize on the
conversion efﬁciency limits. The theoretical limits of various photovoltaics device concepts are presented
and analyzed using a ﬂexible detailed balance model where more discussion emphasize is toward the
losses. Also, few lessons from nature and other ﬁelds to improve the conversion efﬁciency in photovoltaics
are presented and discussed. From photosynthesis, the perfect exciton transport in photosynthetic
complexes can be utilized for PV. Also, we present some lessons learned from other ﬁelds like
recombination suppression by quantum coherence. For example, the coupling in photosynthetic reaction
centers is used to suppress recombination in photocells.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1074
2. Photovoltaics: alternative devices concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1074
2.1. Single junction devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.1.1. Alternative inorganic materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.1.2. Organic photovoltaics (OPV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.1.3. Sensitized solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.1.4. Hybrid perovskites. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.1.5. Nanostructured solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.2. Multi-cell devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.2.1. Multijunction solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075
2.2.2. Intermediate band cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
2.2.3. Split spectrum solar cell system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
2.3. Thermalization control based devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
2.3.1. Carrier multiplication devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
2.3.2. Hot carrier collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
2.4. Spectrum manipulation based devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
2.4.1. Up- and down-conversion cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
2.4.2. Thermophotovoltaics (TPV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
3. Energy conversion theoretical limits for various PV device concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1076
3.1. Single junction solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1077
3.2. Multi-cell devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1079
3.3. Thermalization control based devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1080
4. Photosynthesis: solar-to-chemical energy conversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1081
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/rser
Renewable and Sustainable Energy Reviews
http://dx.doi.org/10.1016/j.rser.2014.11.101
1364-0321/& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
n Corresponding author.
E-mail addresses: falharbi@qf.org.qa (F.H. Alharbi), sakais@qf.org.qa (S. Kais).
Renewable and Sustainable Energy Reviews 43 (2015) 1073–1089
4.1. Quantum coherence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1081
4.2. Photosynthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1082
4.2.1. Limits of quantum speedup in photosynthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1083
4.2.2. Excitonic diffusion length in complex quantum systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1084
5. Quantum coherence: intuitive aspects for solar energy conversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1084
6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1085
Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1085
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1086
1. Introduction
Sunlight is the most abundant energy source available on earth,
and therefore designing systems that can effectively gather,
transfer, or store solar energy has been a great enduring interest
for researchers. Maybe the most apparent ﬁeld in this regard is
photovoltaics (PV). PV effect was known for about two centuries
[1]. However, its serious technological development started in the
1950s. Various materials and device concepts have been developed
since then and high conversion efﬁciencies have been achieved
(44.7% using quadruple junction [2]). This great development in
the efﬁciency is not matched if the cost of the device is considered.
The highly efﬁcient PVs (mainly multi-junction solar cells) are
prohibitively expensive [3,4]. On the other hand, the efﬁciency of
the most dominant technology in the market (i.e. Si) is 25% in the
lab and less than 20% commercially. In a very interesting recent
development, the hybrid perovskites solar cell ((CH3NH3)PbI3) has
attracted an extraordinary attention [5–9] as its efﬁciency has
jumped to 17.9% in about 4 years [10]. Beyond that, the research
trends have been wide spread though heavily material driven. One
of the main research and development directions is to ﬁnd
cheaper and efﬁcient absorbers. This is very crucial as the main
limiting factor for PV deployment is the cost. Other efforts focus on
developing alternative device concepts like multijunction and
tandem solar cells. Another important direction is toward reducing
the “fundamental” losses in the cells; but it proves to be very
challenging.
Recently, new trends have appeared to utilize intuitive approaches
learned from other ﬁelds like photosynthesis and lasers. In light
harvesting organisms, the major mechanism that converts light
energy into chemical energy is photosynthesis. Remarkably, in plants,
bacteria and algae, the photon-to-charge conversion efﬁciency is
about 100% under certain conditions [11]. This fact is of great interest
and generate a lot of excitement to understand how nature optimized
different molecular processes such as trapping, radiative, and non-
radiative losses, and in particular the role of quantum coherence to
enhance transport in photosynthesis [12–14]. This might lead to allow
engineering new materials mimicking photosynthesis and could be
used to achieve similar performances in artiﬁcial photosynthesis-
based solar cells [15,16]. Quantummechanics which was developed in
the twentieth century continues to yield new fruit in the twenty-ﬁrst
century. For example, quantum coherence effects such as lasing
without inversion [17,18], the photo-Carnot quantum heat engine [19],
photosynthesis, and the quantum photocell [20] are topics of current
research interest which are yielding new insights into thermody-
namics and optics.
In this review, we present collectively, different PV device
concepts and the theoretical limits for their efﬁciencies where
more discussion emphasize is toward the losses. However, a better
understanding of the losses shall provide new insights. For the
analysis, a detailed balance model is used, where the balance is
maintained between two-extended-level system that are affected
by solar radiation and the consequences like excitation and
recombination [21,22]. The model is ﬂexible and hence can be
altered to accommodate all the analyzed device concepts. Then,
we described in some details photosynthesis and some quantum
aspects from which lessons can be utilized in PV ﬁeld.
2. Photovoltaics: alternative devices concept
The general concept of solar cell is simple. An electron should
be excited by solar radiation and then it should be collected at the
anode before it losses the gained energy totally. Then the electron
will be reinjected with energy below Fermi level EF into the cell
from the cathode. The energy difference of the electron (between
its energy at anode where it is collected and the energy at the
cathode where it is reinjected) is used to do work (electrically,
voltage times current). The cell should be designed so that the
collection site (high-energy) cannot supply carriers to the injection
site (low-energy) as this will result in wasting the energy of the
excited electron. The concept is presented schematically in Fig. 1.
Conceptually, the semiconductors are not essential to realize
photovoltaic effect though they are used in all solar cells now. In
dye sensitized solar cells (DSSC), the semiconductors (i.e. ZnO and
TiO2) are not used because of their semiconducting properties;
they are merely used as an electron carrier and hole blocker.
However, using semiconductors is currently the most convenient
way to prevent losing all the energy gained by the excited electron.
Practically there are two possible ways to ensure gaining energy;
namely by the energy gap (Eg) in the semiconductors or very fast
collection as shown in Fig. 2. In the semiconductor, the excited
carriers are relaxing back to the edge of the conduction and
valance band.
Photovoltaics effect was known for about two centuries. In
1839, Becquerel observed the effect accidentally while working on
electrolytic cells [23,24]. The ﬁrst all-solid cell was made by Adams
and Day in 1876 using selenium [1]. Later in the century, a set of
PVs patents appeared [25–28]. More efforts were conducted in the
subject afterwards; but, the efﬁciency remains extremely small.
The practical realization was achieved in 1950, when a 6% Si solar
cell was made in Bell Labs [29] and then used for space applica-
tions. At that time, the work was based heavily on the conven-
tional semiconductors and it was mainly to prove the concept.
By 1960, 14% efﬁcient Si solar cells was made [30]; but, it was
Fig. 1. The general concept of solar cell operation.
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prohibitively expensive and not commercially lucrative. Thus, the
need to reduce the cost lead to the second generation solar cells.
The work in the second generation solar cells started in the
early 1960s where the aimwas to reduce the fabrication cost of the
solar cells in a trade of reduced efﬁciency. One of the most
explored directions was to use alternative semiconductor absor-
bers. Tens of semiconductors were explored [31–36] and the most
prominent solar cells of that era were those based on CdTe and Cu
(InGa)Se2 (CIGS), which are thin ﬁlm cells. Their current record
efﬁciencies are 20.4% for CdTe [37] and 20.8% for CIGS [38]. At the
same era, Si based cell has been improved remarkably and its
current efﬁciency record is 25% which is about 8% less than the
theoretical limit [21,22,39]. Some thorough theoretical analyses
with more restricted practical assumptions indicated that the limit
is not far above the obtained efﬁciency [40].
Currently, we are in the midst of the third generation solar cell
stage. The main aim of this stage is to make the electricity
production cost of solar cells commercially competitive by redu-
cing the cell fabrication costs and elevating the efﬁciencies above
Shockley and Queisser limit [32–34,36]. The developments have
taken many directions, which can be categorized in different
forms. In this paper, we categorize them based on the device
concept as this is used later for the theoretical limits analysis. In
each category, some of the active research areas are brieﬂy
presented. Research activities, that are more toward conventional
materials processing, are not addressed.
2.1. Single junction devices
2.1.1. Alternative inorganic materials
Conceptually, many inorganic semiconductors have the required
physical properties to make efﬁcient solar cells [31,33,35]. However,
few of them have been extensively explored [33–35]. This area was
very active in the 1970s and faded in the late 1980s. With the
growing interest in solar energy, it has started gaining growing
attentions in the recent years [32–34,36]. The best obtained
efﬁciencies of alternative absorbers are 17.1% and 12.0% for WSe2
[41] and MoSe2 [42], respectively. For both of them, the device
design was electrochemical cell. For all solid cell, the best efﬁciency
is 8.0% for WSe2 absorber forming a heterojunction with ZnO [43].
2.1.2. Organic photovoltaics (OPV)
Organic semiconductors have been known for long time and
they have been used in many relevant applications. For solar
energy, Tang reported the ﬁrst organic heterojunction solar cell in
1984 [44]. Since then, OPV ﬁeld has been very active especially in
the past few years as the maximum obtained efﬁciency was almost
doubled [45–49] between 2009 (about 6%) and now where the
efﬁciency reached 11.1% [49].
2.1.3. Sensitized solar cells
In 1988, Gratzel reintroduced the concept of dye sensitized
solar cell (DSSC) with liquid electrolyte [50–53]. It has attracted
tremendous attention since then. the concept was introduced ﬁrst
by Gerischer [54,55] and improved by Fujihira [56,57], Weller
[58,59], and others. Practically, DSSC is a monolayer solar cell as
the transport between the dyes is very small and having multiple
dye layers causes a lot of practical challenges. Despite this fact, the
device concept is very efﬁcient and the latest obtained efﬁciency is
13.4% [60]. Furthermore, enormous types of dyes have been
explored. One of the most interesting developments is the avail-
ability of solid based electrolyte [59,61–63]. Also, it has been
demonstrated that inorganic nanoparticles can replace the dye as
sensitizer [64–68].
2.1.4. Hybrid perovskites
Recently, the hybrid perovskites solar cell ((CH3NH3)PbI3) has
attracted an extraordinary attention [5–9] as its efﬁciency has
jumped to 17.9% in about 4 years [10]. The absorbing perovskites
are a special family of hybrid organic–inorganic crystalline mate-
rials with AMX3 perovskite structure, where A is the organic site,
M is a metal, and X is a halogen [7,69–71]. The structure, which
seems complex chemically, is extremely rich and can be grown
and controlled relatively easily with high quality [8,69,70,72–74].
It has been used for many applications [75–77] and its applic-
ability for solar cells was anticipated very early [78]. However, the
real thrust to make solar cells out of them is very recent [5–
9,71,72]. In this short time, an efﬁciency of 17.9% was reported [10]
and it is expected that 20%þ efﬁciency can be achieved within few
years [71,72].
2.1.5. Nanostructured solar cells
In the past two decades, the developments in nanotechnology
have contributed a lot to introduce structures, materials, and mechan-
isms in solar cells that are not possible in bulk form [64,67,68,79–84].
Among the effects are energy gap Eg tunability, absorption, and
transport direction decoupling, and three-dimension structuring.
However, due to the size related challenges, the obtained efﬁciencies
are still small. Practically, nanostructuring results in deteriorated
transport mainly due to interracial defects [22,85–87]. The best
obtained efﬁciency in such structures is 8.55% with PbS quantum
dots [88].
2.2. Multi-cell devices
2.2.1. Multijunction solar cells
The long history and success of III–V optoelectronics allowed
a smooth deployment of them in solar cell industry [89–92]
especially for the challenging structures like the multijunction
cells. In such systems, few layers of different Eg cells are stacked in
series where in-between buffer layers allow transporting the
photo-generated carriers between the layers. The system is two-
terminal device as shown in Fig. 3. Its best obtained efﬁciency is
44.7% [2] with quadruple junction developed by Fraunhofer ISE.
However, there are many technological challenges that limit it
such as the essentiality of current continuity, lattice matching, and
the tunnelling of photo-generated carriers. Commercial wise, it is
extremely expensive to fabricate [3,4] and this fact limits it to few
applications. To distinguish it from the other concepts of multi-cell
devices, it is represented schematically in Fig. 3 and as shown,
Fig. 2. The practical means to ensure gaining energy before it is lost totally. In the
left, the gap in the semiconductors prevents the excited electron returning back to
its originally lower energy position. In the right, the excited electron can be
collected very rapidly by injection (green curved arrow) to electron carrier layer
before it recombine (brown curved arrow). (For interpretation of the references to
color in this ﬁgure caption, the reader is referred to the web version of this paper.)
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it is conceptually a two-terminal system with a series stack of
two-level cells.
2.2.2. Intermediate band cells
In such cells, the multi-photon absorption occurs in a single
material layer and obviously, multi-level system is needed as
represented in Fig. 3. The concept is relatively new and far from
maturity as it is introduced by Luque and Marti in 1997 [79,93,94].
Although the concept is plausible, there are many challenges that
should be resolved [95] and the obtained efﬁciencies based on this
concept are small. Practically, there are two main trends to realize
such system. The ﬁrst one is based on doping large Eg materials to
create extended defect bands in the gap [94,96,97]. The second
trend depends on super-lattices and organized quantum dots
where many separated states can be created due to quantum size
effects [98–100].
2.2.3. Split spectrum solar cell system
The main idea of this system is to split solar radiation by a pre-
optical setup and then direct each of the split spectrum into a cell
with matching Eg [101–104]. So, the system is composed of two
parts. The ﬁrst one is the optical system that splits the spectrum
and concentrates the light. The second part is the set of SCs to be
used to harvest the energy from the split spectrums as shown in
Fig. 3. This avoids two of the main challenges that faces multi-
junction and intermediate band solar cells; namely current con-
tinuity and lattice matching in the case of multijunction cells and
current continuity in intermediate band cells. The idea is not new
and it has been suggested in 1955 [101] and patented in 1960 [105]
by Jackson. Some initial devices were developed in the 1970s.
Moon et al. demonstrated 28.5% two-cell system in 1978 [102].
The record was set by Green and Ho-Baillie who obtained 43.5%
efﬁciency using 5-cell system [103]. Recently, it has been shown
that a 50%þ efﬁciency could be obtained using nowadays tech-
nologies [104].
2.3. Thermalization control based devices
2.3.1. Carrier multiplication devices
As known – and to be shown, thermalization results in most
losses in solar cells. The excess absorbed photon energy (above Eg)
is lost as the hot carrier is relaxed into the band edge. The concept
of carrier multiplication (CM) is based on utilizing the energetic
photon to generate multiple electron–hole pairs before it relaxes.
Experimentally, CM has been demonstrated for both bulk and
quantum sized semiconductor systems. Remarkably, Schaller and
Klimov group achieved seven-fold multiplication in PbSe and PbS
quantum dots (QDs) [106]. However, almost all CM experiments
are done under unpractical conditions for solar cells. This fact
and many other challenges have been highlighted repeatedly
[22,107–109].
2.3.2. Hot carrier collection
The idea of such cell concept is to collect the excited electron
hot before it relaxes completely [110,111]. In principle, this can be
achieved by enabling very fast photo-current collection, using
selected contacts, or slowing down the relaxation [112–114].
Recently, it has been demonstrated that some nano materials like
graphene enable – expectedly – hot carrier transport [115–117].
2.4. Spectrum manipulation based devices
2.4.1. Up- and down-conversion cells
Solar radiation has a very broad spectrum ranging from far
infra-red into ultraviolet (around 4 eV). So, designing a device that
utilize all the possible energy is challenging. The idea of up- and
down- conversion cells is to manipulate the spectrum by various
optical nonlinear systems to reduce the width of the resulted
spectrum and then use the proper cell for energy harvesting
[118,119]. Such spectrum manipulation can extremely reduce the
losses due to thermalization. However, the nonlinear conversion is
a challenge by itself.
2.4.2. Thermophotovoltaics (TPV)
The idea of such device is to utilize the generated heat (by
photovoltaic losses) to generate extra electricity beside the photo-
voltaic output [120–124]. So, it consists basically of a thermal
emitter and a photovoltaic. For the thermal emitter and to create
more heat differential, it is common to use optical concentration
with the system. The theoretical limit is far beyond that of the
solar cells and many analyses show that the limit is just above 80%
[123,125–127] (this is far beyond solar cell limits). The area is rich
and many device designs and materials have been explored.
However, the reported efﬁciencies are still small [123,125].
3. Energy conversion theoretical limits for various PV device
concepts
Theoretically, many models were used to estimate the max-
imum possible efﬁciencies of the solar cells. They can be categor-
ized in two general families. The ﬁrst category analyses are
phenomenologically based on detailed balance of radiations
between two-extended-level system. This accounts for excitation
and radiative recombination. Originally, this was introduced by
Fig. 3. The concepts of multijunction (left), intermediate band (center), and split spectrum (right) solar cell systems. The dots are the collection (injection) points.
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Shockley and Queisser in 1961 [39] and then followed by many
others [21,22,128–131]. In this review, we use a model of this
category [21,22]. It will be presented later. The second category is
more fundamental and it is fully thermodynamical. These models
are based on maintaining the balance of both energy and entropy
ﬂuxes [40,132,133].
Practically and as mentioned in the previous subsection, there
are many possible operation concepts of solar cells. To estimate the
upper limit of each device concept, different assumptions are made.
Here listed are the main assumptions that are taken commonly in
considerations:
 Solar radiation strength and spectrum vary based on the
position and system design. For example, the spectrum on
satellites is different from that on earth surface as some
spectrum lines are absorbed by gases on the atmosphere. Also,
the strength and the spectrum can be altered by using pre-
optical systems like concentrator and spectrum manipulation.
This can be calculated from the base solar radiation. In this
review, we assume AM1.5G photon ﬂux (ϕ1:5) where the refer-
ence solar spectra ASTMG -173-03 (American Society for Testing
and Materials) [134,135] is used.
 Any incident photon above the energy gap Eg of the used cell is
absorbed.
 Any photon (with energy E) shall produce γðEÞ electrons, where
γ is the multiplication factor. In most cases, γ ¼ 1. Yet, if carrier
multiplication is possible, it can take higher values. This will be
included in the analysis.
 There are many recombination mechanisms. Many of them –
and unfortunately, the most effective ones – are caused by
material quality, device design, and fabrications. Such non-
fundamental mechanisms do not set the upper limit. The main
unavoidable recombination mechanism is the one due to
spontaneous emission. This is governed by the generalized
black body radiation as will be shown later. In this work, this
mechanism is forced as it is inevitable.
3.1. Single junction solar cells
In this review, a detailed balance model is used to estimate
the upper efﬁciency limits under different conditions [21,22].
The balance is applied to the radiations in two-extended-level
system. The ﬁrst studied device structure is for single junction
solar cells. As a radiation of ﬂux ϕðEÞ reaches the cell, the photo-
generated current is then
JgðEgÞ ¼ q
Z 1
Eg
γðEÞϕðEÞ dE ð1Þ
where Eg is the energy gap (in eV), q is the electron charge, E is the
photon energy (in eV), and γðEÞ is the multiplication as mentioned
above. ϕðEÞ in this case can be any manipulation of the base
AM1.5G standard ﬂux. Two cases will be considered in this work.
The ﬁrst one is to assume that the whole ﬂux get to the cell
without concentration and loss. The second case is with uniform
optical concentration where the ﬂux is simply multiplied by a
factor X that represents the uniform concentration.
As the recombination is assumed to be only due to spontaneous
emission which is governed by the generalized black body radia-
tion, the recombination current can be calculated accordingly and
it is
JrðEg ;V ; TÞ ¼ qa
Z 1
Eg
E2
exp
EγðEÞV
kT
 
1
dE ð2Þ
where
a¼ 2πq
3
c2h3
 
; ð3Þ
c is the speed of light in vacuum in m/s, h is Planck's constant in
eV s, V is the photo-generated voltage across the cell in V, k is
Boltzmann's constant (in eV/K), and T is the temperature (in K). So,
the net current is then just the remaining photo-generated current
after the recombination losses. So,
JðEg ;V ; TÞ ¼ JgðEgÞ JrðEg ;V ; TÞ ð4Þ
Then, the conversion efﬁciency can be calculated directly as the
ratio between the output and input power
ηðVÞ ¼ Pout
Pin
¼ VJðEg ;V ; TÞ
Pin
ð5Þ
where Pin is the input power and it equals to
Pin ¼ q
Z 1
0
EϕðEÞ dE ð6Þ
The maximum possible efﬁciency at given Eg and T is obtained by
varying V to maximize η.
There are three main causes of losses in this model. The ﬁrst
one is due to the unabsorbed photons where its loss fraction is
LðSJÞunabs ¼
q
Pin
Z Eg
0
EϕðEÞ dE ð7Þ
The second cause is due to thermalization where the loss is the
difference between the energy of the absorbed photon (i.e. E) and
the energy gained by its photo-generated electrons (i.e. γðEÞV). So,
LðSJÞth ¼
q
Pin
Z 1
Eg
ðEγðEÞEgÞϕðEÞ dE ð8Þ
The last loss is to recombination and it is
LðSJÞr ¼
VJr
Pin
þ q
Pin
Z 1
Eg
ðEgV ÞγðEÞϕðEÞ dE ð9Þ
The ﬁrst term is the direct loss due to the recombination. The
second term accounts for the further thermalization as a result of
the balance between absorption and re-emission where the
extracted photo-generated current gained V potential instead of
separation energy after initial relaxation (i.e. Eg).
In the ﬁrst analysis, η is optimized for operation at room
temperature (T ¼ 300 K) for different Eg's and with no carrier
multiplication (i.e. γ ¼ 1). The corresponding LðSJÞunabs, L
ðSJÞ
th , and L
ðSJÞ
r
are calculated as well as shown in Fig. 4. The maximum obtainable
efﬁciency is 33.3% at Eg ¼ 1:14 eV, which is very close to silicon Eg.
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However, there is a wide window of energy gaps between 0.91 eV
and 1.57 eV that has efﬁciency limit about 30%. Many semicon-
ductors have gaps in this range and can conceptually be used to
develop relatively efﬁcient single-junction solar cells providing
that the transport is good.
Over the whole range of Eg, more that 50% of energy is lost
either due to thermalization or for not absorbed photons. This
particular fact is the essence of many efforts to increase conversion
efﬁciency. This is why device concepts such as multi-junction,
split-spectrum, hot carrier, and carrier multiplication cells were
introduced. Eqs. (7) and (8) show that these losses are – ideally –
independent of temperature and the balance between absorption
and re-emission (characterized by the gained potential V). Further-
more and ideally, they both are not affected by uniform optical
concentration, where ϕ is simply concentrated to Xϕ. So, all
quantities depend linearly on ϕ and will be affected accordingly.
From, Eqs. (6)–(8), it can be shown that both LðSJÞunabs and L
ðSJÞ
th remain
constant with uniform optical concentration. So, before consider-
ing the other device concepts, we will consider the effects of
temperature and optical concentration on single junction cell
efﬁciency limits and mainly on ηmax and LðSJÞr .
First, it can be observed from Fig. 4 that the recombination loss
is quite large at small Eg and it then gets reduced. Fig. 5 shows the
ratio between LðSJÞr and ηmax. At small Eg (up to about 0.59 eV), the
losses due to recombination are more than the obtained conver-
sion. Even at higher Eg, a good portion of energy conversion is lost
due to the recombination.
From Eq. (9), it is clear that the main cause for LðSJÞr is the
recombination current Jr, in which the denominator of the inte-
grand depends on T (Eq. (2)). To absorb the photon, E should be
greater than γðEÞV . So, the integrand will increase with T and
hence Jr. So, ηmax should improve as T decreases. This is actually
the case as shown in Fig. 6 as LðSJÞr decreases with T (Fig. 7). At very
low temperature, the maximum efﬁciency limit is 48.48% at
1.12 eV gap. However, the window of Eg of the highest obtainable
conversion is slightly red-shifted to become between 0.86 eV and
1.40 eV for limits about 45%.
The other way to reduce relatively the effects of Jr is to
concentrate the incident solar radiation. In this case, both Jg and
Pin increase linearly with ϕ. So, by X uniform concentration, the
conversion efﬁciency becomes
ηðVÞ ¼
V Jg
Jr
X
 
Pin
ð10Þ
Fig. 8 shows how the efﬁciency improves with X as LðSJÞr is reduced
with increasing X (Fig. 9). At 500 sun concentration, ηmax gets to
40.04% at 1.12 eV gap.
Clearly, the effect of the temperature on ηmax is more than that
of the concentration. This is further represented in Figs. 10 and 11.
At very large X, the effects will coincide. Practically, optical
concentration is easier to realize. However, it results in more
complications as the temperature of the system increases and it
commonly results in efﬁciency reduction and mechanical chal-
lenges. This imposes using cooling systems in the concentrated
solar cells. On the other hand, operating in very low temperature is
not practical. However, some device concepts may mimic that.
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Fig. 6. The contour of ηmax vs. Eg and temperature for a single junction solar cell and
with no optical concentration.
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with no optical concentration.
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3.2. Multi-cell devices
As shown in the previous section, more than 50% of energy is
lost either due to thermalization or for not absorbed photons. This
was known since the early days of solar cells [31,40,101,132] and
many concepts were developed to regain the lost energy. The main
concepts were discussion in Section 2. For many concepts like
thermalization control and spectrum manipulation ones, there is
no general way to estimate the practical efﬁciency limits. Some
models are developed for them; but, they are not practical as
they usually result in extreme over-estimation [118,136–138]. For
multi-cell devices such as multi-junction and split spectrum,
estimating the upper limit can be achieved by extending the
single junction model.
Abstractly, in such devices, the spectrum is split and then
different cells are used to convert the energy by matching Eg. So,
there should be N cells with different EðiÞg 's (the gaps are ordered
ascendantly). Thus, the generated current in the ith cell is
JðiÞg ¼ q
Z Eðiþ 1Þg
EðiÞg
γðEÞϕðEÞ dE ð11Þ
For the last cell, the upper limit goes to 1. Similar to the case of
single junction devices, the recombination current is calculated
based on the generalized black body radiation and it is
JðiÞr ¼ qa
Z 1
EðiÞg
E2
exp
EγðEÞV ðiÞ
kT
 !
1
dE ð12Þ
So, the net generated current in the ith cell is
JðiÞðEg ;V ; TÞ ¼ JðiÞg  JðiÞr ð13Þ
Then for each cell, the conversion efﬁciency becomes
ηðiÞðV ðiÞÞ ¼ V
ðiÞJðiÞ
Pin
ð14Þ
In split spectrum cells, the photo-generated current is extracted
separately for each cell. So, the total efﬁciency is
ηðSSÞ ¼∑
i
ηðiÞ ¼ 1
Pin
∑
i
V ðiÞJðiÞ ð15Þ
For multijunction and intermediate band cells, the photo-
generated current should ﬂow from one cell to the other before
extracted in the external terminals. This series connection imposes
that the current should be the same in all of used cells and it is
equal to the lowest current achieved by any of the cells. Thus, the
optimization becomes two-step problem. In the ﬁrst one, V ðiÞ is
varied to optimize ηðiÞ for each cell. Then the lowest achievable
current Jmin is maintained and hence the V
ðiÞ and ηðiÞ are changed
accordingly. This is done iteratively to maximize the net efﬁciency
which reads
ηðMJÞ ¼∑
i
ηðiÞ ¼ 1
Pin
Jmin∑
i
V ðiÞ ð16Þ
At the beginning, η is optimized for operation at T ¼ 300 K
and with no carrier multiplication for different numbers of cells
where Eg's are varied for optimization. Fig. 12 shows the results
for split spectrum cell system and Fig. 13 shows the results for
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Fig. 9. The contour of LðSJÞr vs. Eg and X for a single junction solar cell at 300 K.
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multi-junction cell, where the corresponding Lunabs, Lth, and Lr are
calculated as well. As expected, η increases in both cases, but it is
slightly better for split spectrum system as the constraint of
current continuity is not a problem. This is shown clearly in
Fig. 14. The difference in ηmax between the two concepts is larger
when the number of cells is between 4 and 12. The difference is
then diminished for the unpractical larger number of cells. For
very large number of cells, the theoretical η limit approaches 66%.
The concept of multi-cell devices was introduced to reduce
Lunabs and Lth, which certainly get less with the number of cells.
On the other hand, Lr increases considerably. This is because the
gained energy by reducing Lunabs and Lth effects is distributed
between the extracted photo-generated and radiatively recom-
bined carriers.
3.3. Thermalization control based devices
For thermalization control based devices, there is no general
way to estimate efﬁciency limits as different concepts are applied
to control (or avoid) thermalization. In the following, we will
discuss the devices based on CM. To raise solar cell efﬁciencies
beyond Shockley–Queisser limit, CM route is proposed [64,139–143].
As aforementioned, the concept of CM is that an energetic photon
is utilized to generate multiple electron–hole pairs before it
relaxes. Theoretically, many mechanisms can result in CM such
as impact ionization [144,145], coherent superposition of multi-
excitons [146,147], singlet ﬁssion [148,149], and multiexciton
generation through virtual states [150]. Actually, many of these
mechanisms are highly correlated.
Experimentally, many groups demonstrate CM for both bulk
and nanoscale semiconductor systems. The highest obtained
multiplication is seven times in lead salt quantum dots (QDs) by
Schaller and Klimov [106]. However, the experimental apparatuses
in most CM experiments are very sophisticated and do not
resemble practical PV operations. It is very common in such
experiments to induce sequential absorption and force impact
ionization by high excitation and strong bias voltage. The signiﬁ-
cance of CM and its applicability in solar cells are questioned by
many [22,109]. Practically, results are irreproducible in many cases
[107,108]. For example, Pijpers et al. [151] rebutted their own
earlier results [152] that overvalued the measured CM. Also, to
have signiﬁcant enhancement in solar cells, CM should be almost
ideal. Obviously, this is not the case and it is always noticed that
there is an energy threshold preceding the multiplication and that
the multiplication is not perfect. It has been shown that these facts
limit almost completely any possible enhancement [22,109].
Conceptually, the ideal CM condition is when
γðEÞ ¼ E
Eg
 
ð17Þ
where the square brackets represent rounding to the lower
integer. By considering the fact that energy threshold (Eth) is
always needed before CM starts. Then, the multiplication γðEÞ
becomes
γðEÞ ¼ θðEEgÞþθ EEthð Þ
EEthþEg
Eg
 
ð18Þ
where θ is the Heaviside step function. Furthermore, CM is not
perfect and the increase of γ over E=Eg is less than one. So, the
multiplication would be
γðEÞ ¼ θðEEgÞþθðEEthÞ
EEth
Eg
 
λ ð19Þ
Many models have been used to estimate both Eth and λ.
Alharbi [22] suggested using empirical relation extracted from
experimental data to estimate Eth. This relation will be used in this
review and it is
Eth ¼ Eth;0þð1þ f ÞEg ð20Þ
where both Eth;0 and f are positive. They are interpolated from
experimental data to ﬁt the measured Eth for different materials.
Over solar radiation spectrum, the ﬁtting should ensure that
EthZ2Eg . For lead salt, it is found that Eth;0 ¼ 1:2565 and
f ¼ 0:3604 for PbS and Eth;0 ¼ 1:3493 and f ¼ 0:4005 for PbSe [22].
Figs. 15 and 16 show the optimized η and the corresponding Lth
vs. Eg for different CM conditions; namely, No CM, Perfect CM, and
the condition for PbS. The condition of PbS is used as its data is the
best among the least controversial in terms of CM [153]. It can be
observed that more improvement is obtainable for small Eg. This is
mainly due to the fact that solar radiation start decaying at 3.0 eV
and becomes negligible above 4.0 eV. So, CM becomes negligible
for cells with Eg42:0 eV. Theoretically, the efﬁciency limit can be
raised from 33.3% at Eg ¼ 1:14 eV to 44.1% at Eg ¼ 0:71 eV if CM is
perfect. However and as aforementioned, this is practically very
challenging and it is found that CM advantage for solar cells is
severely limited by the needed energy threshold and the imperfect
multiplication. To illustrate that, the condition of PbS is used. As
can be seen from Fig. 15, the theoretical possible improvement is
very marginal.
To illustrate the effects of the needed energy threshold and the
imperfect multiplication, Eth and λ are changed slightly from the
perfect condition. In Fig. 17, Eth;0 is changed by varying f from 0
(perfect CM) to 2 at steps on 0.4 where Eth;0 is set to 1. It is clear
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that the advantage of CM is dying rapidly. This is even severer if
the multiplication is assumed imperfect as shown in Fig. 18. In this
ﬁgure, Eth is assumed perfect and equal to 2Eg . λ is varied 1 (perfect
CM) to 0.2 at steps on 0.2. η dyes very fast with decreasing λ.
4. Photosynthesis: solar-to-chemical energy conversion
Sunlight is the most abundant energy source available on earth,
and therefore designing systems that can effectively gather, transfer,
or store solar energy has been a great continuing challenge for
researchers. To achieve this, a very intuitive approach is to learn
from Mother Nature. In light harvesting organisms, the major
mechanism that converts light energy into chemical energy is
photosynthesis. Photosynthesis can be described by the simpliﬁed
chemical reaction to obtain carbohydrates:
6CO2þ6H2OþNhν-C6H12O6þ6O2: ð21Þ
Estimates of the efﬁciency of photosynthesis have a long history
[154–163] and depend on how light energy is deﬁned. Ross and
Hsiao [164] reported that the efﬁciency cannot exceed 29% based on
an ideal theoretical analysis, where entropy and unavoidable
irreversibility place a limit on the efﬁciency of photochemical solar
energy conversion. However, photosynthesis is known to occur at
λr700 nm, where only about 45% of the sun light is photo-
synthetically active. Based on these facts, Bolton and Hall [165]
calculated the theoretical maximum efﬁciency of conversion of light
to stored chemical energy in green-plant type photosynthesis in
bright sunlight to be 13.0%, when the principal stable product of
photosynthesis is d-glucose. Thermodynamic arguments used in the
analysis which indicate that a photosynthetic system with one
photosystem would be highly unlikely to be able to drive each
electron from water to evolve O2 and reduce CO2. The practical
maximum efﬁciency of photosynthesis under optimum conditions
is estimated to be negligible, about few percents 1–3%.
Remarkably, in plants, bacteria, and algae, the photon-to-
charge conversion efﬁciency is about 100% under certain condi-
tions [11]. This fact is of great interest and generate a lot of
excitement to understand how nature optimized the different
molecular processes such as trapping, radiative, and non-radiative
losses, and in particular the role of quantum coherence to enhance
transport in photosynthesis. This might lead to allow engineering
new materials mimicking photosynthesis and could be used to
achieve similar performances in artiﬁcial solar cells [15,16]. Before
discussing in detail the energy transfer in photosynthesis, ﬁrst we
introduce brieﬂy the concept of quantum coherence which has
ignited interest in the possible biological function after the
experimental observation of coherence oscillations during energy
transfer [166].
4.1. Quantum coherence
In photosynthetic light-harvesting complexes, the electronic cou-
pling between chromophores is similar in magnitude to coupling to
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the environment and to the disorder in site energies. Thus, quantum
effects might inﬂuence the dynamics in these systems. It is common
to examine dynamics of energy transfer in terms of the population
evolution from one chromophore to another or from one site to
another. Quantum coherence introduces correlations among wave
function amplitudes at different sites. The full dynamics should
include both the population evolution and coherence accounting
for quantum superpositions. In the density matrix formulation,
populations described by the diagonal elements and coherence by
the off-diagonal elements.
A quantum state described by a density matrix ρ is called pure
if it can be represented by a wave function Ψ , ρ¼ jΨ 〉〈Ψ j, and
mixed otherwise. The off-diagonal elements of the density matrix
ρ are usually called coherences but they are basis-dependent. To
illustrate the concept, let us focus on a system of two excitons
described by Ψ ðtÞ ¼ aΦaþbΦb. The time evolution of the density
matrix, ρðtÞ ¼ jΨ ðtÞ〉〈Ψ ðtÞj, is given by
ρðtÞ ¼ jaj2jΦa〉〈Φajþjbj2jΦb〉〈Φbjþabne iðEa EbÞt=ℏjΦa〉〈Φbj
þanbeþ iðEaEbÞt=ℏjΦb〉〈Φaj: ð22Þ
The ﬁrst two diagonal terms represent populations in the
excitonic basis, whereas the latter two off-diagonal describe
coherences. The phase factors in the off-diagonal elements are
responsible for quantum beating. The frequency of this beating
corresponds to the energy difference between the two excitons
giving information about the coherence between different chro-
mophores. Recently, Kassal et al. [167], in order to address the
question if coherence enhances transport in photosynthesis, intro-
duce the distinction between state coherence and process coher-
ence. They argue that although some photosynthetic pathways are
partially coherent processes, photosynthesis in nature proceeds
through stationary states [167].
4.2. Photosynthesis
In photosynthesis, the sunlight is absorbed and excites the
electronic states of pigments in the antenna complexes. These
electronic excitations then propagate to the reaction center and
induce an electron transfer to the primary electron–acceptor
molecular called pheophytin. This light to charge conversion is
highly efﬁcient and thus illustrates the importance of understand-
ing this excitation energy transfer process in light-harvesting
complexes (LHC).
Many light harvesting microbes such as green sulfur bacteria
and purple bacteria have been studied as model organisms of
photosynthesis. For example, in green sulfur bacteria the most
commonly studied LHC is the Fenna–Matthews–Olson (FMO)
complex. The FMO complex is situated between the antenna and
the reaction center and functions as an energy pipeline between
the two. If the excitonic energy transfer in such LHC can be
understood thoroughly, it will be possible to design an artiﬁcial
light-harvesting system with high efﬁciency based on a similar
mechanism.
Recent experimental results show that long-lived quantum coher-
ence is present in various photosynthetic complexes [168–170]. One
such protein complex, the FMO complex from green sulphur bacteria
[171,172], has attracted considerable experimental and theoretical
attention due to its intermediate role in energy transport. The FMO
complex plays the role of a molecular wire, transferring the excitation
energy from the LHC to the reaction center (RC) [173–175]. Long-
lasting quantum beating over a time scale of hundreds of femtose-
conds has been observed [166,176]. The theoretical framework for
modelling this phenomenon has also been explored intensively by
many authors [177–202].
The fundamental physical mechanisms of energy transfer in
photosynthetic complexes are not yet fully understood. In parti-
cular, the role of surrounding photonic and phononic environment
on the efﬁciency or sensitivity of these systems for energy transfer.
One major problem in studying LHCs has been the lack of an
efﬁcient method for simulating their dynamics under realistic
conditions, in biological environments. There are mainly three
methods to study the dynamics of such complex open quantum
system:
1. The semiclassical Forster method in which the electronic
Coulomb interaction among the different chromophores is
treated perturbatively.
2. The Redﬁeld or Lindblad method in which the electron–phonon
interaction is treated perturbatively.
3. The Hierarchy equation of motion method for the intermediate
regime when the strength of the Coulomb and electron–
phonon interactions are comparable [192].
The full dynamics cannot be treated in such complex systems, thus
people rely on simple model Hamiltonians interacting with an
approximate environment. The total system Hamiltonian can be
simpliﬁed and written as
Htotal ¼HSþHBþHSB ð23Þ
where the Hamiltonian for the system is
HS ¼ ∑
N
j ¼ 1
εjjj〉〈jjþ ∑
jak
Jjkðjj〉〈kjþjk〉〈jjÞ; ð24Þ
where εj represents the excitation energy of the jth chromophore
(site) and Jjk denotes the excitonic coupling between sites j and k.
The non-nearest neighbor coupling between j and k is treated by
the dipole–dipole interaction.
The environment is described as a phonon bath, modelled by
an inﬁnite set of harmonic oscillators:
HB ¼ ∑
N
j ¼ 1
HjB ¼ ∑
N
j ¼ 1
∑
NjB
ξ ¼ 1
P2jξ
2mjξ
þ1
2
mjξω2jξx
2
jξ; ð25Þ
where mjξ, ωjξ, Pjξ, xjξ are mass, frequency, momentum and
position operator of the ξth harmonic bath associate with the jth
site respectively.
The Hamiltonian of the environment ðHBÞ and system–envir-
onment coupling ðHSBÞ can be written as
HSB ¼ ∑
N
j ¼ 1
∑
ξ
cjξjj〉〈jjxjξ ¼ ∑
N
j ¼ 1
V jFj; ð26Þ
where V j ¼ jj〉〈jj and Fj ¼∑ξcjξxjξ. Here, cjξ represents the system–
bath coupling constant between the jth site and ξth phonon mode,
here we assume that each site is coupled to the environment
independently. The dynamics of such an open quantum system is
given by the quantum Liouvillian equation and one has to rely on
approximations depending on the different coupling terms.
To examine quantum coherence, Jing et al. [182] used a new
developed modiﬁed scaled hierarchical approach, based on the
model Hamiltonian deﬁned above in Eq. (23), and show that the
time scales of the coherent beating are consistent with experi-
mental observations [166]. Furthermore, the theoretical results
exhibit population beating at physiological temperature. Addition-
ally, the method does not require a low-temperature correction to
obtain the correct thermal equilibrium at long times. The results
for the FMO complex are presented in Fig. 19. On the left panel,
we show the results of simulation for the system Hamiltonian
only. The right panel shows that the quantum beating between
certain sites clearly persists in the short time dynamics of the full
FMO complex [182,201]. For the simulated initial conditions, the
F.H. Alharbi, S. Kais / Renewable and Sustainable Energy Reviews 43 (2015) 1073–10891082
population beatings can last for hundreds of femtoseconds; this
time scale is in agreement with the experimental observation [166].
Recently, the modiﬁed scaled hierarchical approach was used
also by Shuhao et al. [200] to examine the electronic excitation
population and coherence dynamics in the chromophores of the
photosynthetic light harvesting complex (LH2) B850 ring from
purple bacteria (Rhodopseudomonas acidophila). The oscillations
of the excitation population and coherence in the site basis are
also observed in LH2. However, this oscillation time (300 fs) is
much shorter compared to the FMO protein (650 fs) at cryogenic
temperature. Both environment and high temperature are found
to enhance the propagation speed of the exciton wave packet yet
as expected they shorten the coherence time and suppress the
oscillation amplitude of coherence and the population. In Fig. 20
we show the numerical results of the excitation population
dynamics for LH2 B850 18 sites at 77 K.
Here we are dealing with exciton transport; excitons are
quasiparticles, each formed from a pair of electron and hole, that
provides a natural mean to convert energy between photons and
electrons. There are several possible ways to measure the success
rate of an energy transfer process [203], such as energy transfer
efﬁciency and transfer time. In order to examine the transport
efﬁciency one should calculate the exciton recombination and
exciton trapping. These can be calculated by [203]
Htrap ¼  iℏ∑
j
κjjj〉〈jj; Hrecomb ¼  iℏΓ∑
j
jj〉〈jj ð27Þ
where Γ is the rate of recombination at every site and is trapped
with a rate κj at certain molecules. The probability that the exciton
is captured at a certain jth site within the time interval ðt; tþdtÞ is
given by 2κj〈jjρðtÞjj〉 dt. Thus, the efﬁciency can be deﬁned as
η¼ 2∑
j
κj
Z 1
0
〈jjρðtÞjj〉 dt ð28Þ
which is the integrated probability at different sites. The other
measure for the quantum transport is the average transfer time
which is deﬁned as
τ¼ 2
η
∑
j
κj
Z 1
0
〈j ρðtÞ j〉t dt
 ð29Þ
Recently, Rebentrost et al. [203] have argued that at low tempe-
ratures, the dynamic is dominated by coherent hopping, the
system is disordered and exhibits quantum localization, depend-
ing on the variation in the site energies. Once forming an excitonic
state localized at an initial site, coherent hopping alone has a low
efﬁciency in transporting the excitation from the initial site to
another site with signiﬁcantly different energy. However, interac-
tion with the environment leading to dephasing can destroy the
excitation localization and enhance transport. Thus, decoherence
might enhance transport if the dephasing rate does not grow
larger than the terms of the system Hamiltonian. The idea that
decoherence enhance transport used to explain the high efﬁciency
of excitonic transport using FMO protein of the green sulfur
bacterium [203].
4.2.1. Limits of quantum speedup in photosynthesis
After discovering experimentally the long lived quantum
coherence in photosynthetic LHCs, it was suggested that excitonic
transport features speedup analogous to those found in quantum
algorithms; in particular, a Grover quantum search type speedup
[166]. Whaley et al. [204] investigated this suggestion by compar-
ing the dynamics in these systems to the dynamics of quantum
walks. They have found that the speedup happens at very short
time scale (70 fs) compared with the longer-lived quantum coher-
ence (ps scale). To distinguish between quantum speedup and
classical diffusive transport one can calculate the exponent, n, of
the power law for the mean-squared displacement 〈x2〉 as a function
of time, t. The mean-squared displacement can be obtained from
the density matrix ρ of the system, 〈x2〉¼ Trðρx2Þ=TrðρÞ. To obtain
the exponent n in 〈x2〉 tn, one examine the slope of the log–log
plot of the mean-squared disparagement vs. time. If the exponent
Structure of the
FMO Complex
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2
Fig. 19. The quantum evolution for the site population in the FMO complex of each site at cryogenic temperature T¼77 K. The left panel shows the dynamics for the system
alone and the right includes the effects of the environment. The reorganization energy is λj ¼ λ¼ 35 cm1, while the value of Drude decay constant is γ1j ¼ γ1 ¼ 50 fs. The
initial conditions are site 1 excited (a), site 6 excited (b) and the superposition of sites 1 and 6 (c).
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n¼1, this corresponds to the limit of diffusive transport, whereas
the exponent n¼2 corresponds to ideal quantum speedup, a
ballistic transport. Using the FMO complex, which acts as a
quantum wire, with a seven site Hamiltonian with the parameters
calculated by Adolphs and Renger [205], Whaley et al. [204] have
found that best ﬁt for the exponent was n¼2 happens at short time
(about 70 fs), then a transition from ballistic to sub-diffusive
transport with n¼1 though quantum coherence lasts over 500 fs
in their model of calculations. The short lived nature of quantum
speedup (about 70 fs) might implies that the natural process of
energy transfer in these photosynthetic complexes does not corre-
spond to quantum search. Their results suggest that quantum
coherence effects in photosynthetic complexes are optimized for
high efﬁciency of transporting the excitation from the antenna to
the reaction center and not for the goal of quantum speedup.
4.2.2. Excitonic diffusion length in complex quantum systems
It is well known that the phenomenon of superradiance,
introduced by Dike [206], is formed by a quantum interference
effect induced by symmetry. Due to this cooperative phenomena,
the probability of a single photon emission from N identical atoms
collectively interacting with vacuum ﬂuctuations becomes N times
larger than incoherent individual spontaneous emission probabil-
ities [207]. This is studied in detail in [208–211]. The same basic
mechanism could lead to an analogous phenomenon known as
cooperative energy transfer or supertransfer [212–214], in parti-
cular, the exciton transfer rate under such assumptions. With very
strong and symmetrized interactions of Nmolecules the excitation
becomes highly delocalized, leading to a large effective dipole
moment associated with the N molecules, and hence leading to
supertransfer. Abasto et al. [215] have shown that symmetric
couplings among aggregates of N chromophores increase the
transfer rate of excitons by a factor N2 and demonstrated how
supertransfer effects induced by geometrical symmetries can
enhance the exciton diffusion length by a factor N along cylin-
drically symmetric structures, consisting of arrays of rings of
chromophores, and along spiral arrays. It will be of great interest
to examine this phenomena in novel excitonic devices since a
major problem in their designs and fabrications is the limited
exciton diffusion length that could be of about 10 nm in disordered
materials. This limitation has lead to low efﬁciency and compli-
cated device structures in OPVs [216]. It will be of interest to
examine whether one can use quantum-mechanical supertransfer
effects to enhance exciton diffusion length in PVs [216–218].
5. Quantum coherence: intuitive aspects for solar energy
conversion
Quantum mechanics which was developed in the twentieth
century continues to yield new fruit in the twenty-ﬁrst century.
For example, quantum coherence effects such as lasing without
inversion [17,18], the Photo-Carnot Quantum heat engine [19],
Photosynthesis, and the quantum photocell [20] are topics of
current research interest which are yielding new insights into
thermodynamics and optics.
Photosynthesis is one of the most common phenomenon in
nature, but the detailed principles of the whole process are still
unclear. A more recent and still rapidly expanding ﬁeld of research
studies how quantum physics plays a much more profound role in
solar-energy conversion, notably through various interference and
coherence effects. The energy transfer from the LHC to the RC is
amazingly high, almost 100%. Does quantum coherence enhance
transport in photosynthesis? Artiﬁcially reproducing the biological
light reactions responsible for this remarkably efﬁciency repre-
sents a new research direction. Recently, Creatore et al. [16]
developed such a scheme and presented a model photocell based
on the nanoscale architecture of photosynthetic reaction centers
that explicitly harnesses the quantum mechanical effects recently
discovered in photosynthetic complexes. They show that Quantum
interference of photon absorption/emission induced by the
dipole–dipole interaction between molecular excited states, as
shown in Fig. 21, guarantees an enhanced light-to-current con-
version and hence power generation for a wide range of realistic
parameters. The enhancement in the current is shown in Fig. 22.
This shall open a promising new route for designing artiﬁcial light-
harvesting devices inspired by biological photosynthesis and
quantum technologies. They show that the naturally occurring
dipole–dipole interactions between suitably arranged chromo-
phores can generate quantum interference effects that can
enhance the photo-currents and maximum power outputs by
435% over a classical cell.
Quantum heat engines convert hot thermal radiation into low-
entropy useful work. The ultimate efﬁciency of such system is
usually governed by a detailed balance between absorption and
emission of the hot pump radiation. The laser is an example of
Fig. 20. The excitation population dynamics of LH2 B850 18 sites at 77 K. The exciton population dynamics of B850 bacteriochlorophylls (BChls) with site 1 (S1) initially
excited. (a) The population evolution of S1, S2, S5, S10, S15, and S18 without dissipation (the system is isolated and uncoupled to bath). (b) The population dynamics of the
same sites while the system is coupled to bath at room temperature T¼300 K. The coherent energy transfer lasts about 150 fs and the whole system is equilibrated after
400 fs. The inset is a magniﬁcation of the ﬁrst 250 fs dynamics.
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such system. Moreover, it was demonstrated both theoretically
and experimentally that noise-induced quantum coherence can
break detailed balance and yield lasers without population inver-
sion with enhanced efﬁciency [219]. Scully shows [20] that it is
possible to break detailed balance via quantum coherence which
yields a quantum limit to photovoltaic operation which can exceed
the classical Shockley–Quiesser limit. The analysis considers a toy
photocell model which is constructed to be a counterpart to
“lasing without inversion” . In conventional lasing, one considers
an ensemble of two-level atoms (plus additional levels not directly
involved in the photoemission process) all coupled to the same
cavity mode. These atoms can undergo both absorption as well as
the converse emission processes. If, by optical pumping, one
achieves a situation in which there are more atoms in the excited
than in the ground state (a so-called inversion) then emission will
dominate over absorption, and one will under certain conditions
observe a net emission, i.e., lasing. The idea is to relax the lasing
threshold by suppressing the absorption process. This is achieved
by splitting the atoms' ground state into two near-degenerate
levels. In quantum mechanics, one cannot simply add the absorp-
tion probabilities for these two levels; instead, one has to add the
relevant transition amplitudes coherently, and the resulting
absorption rate may actually be less than the individual rates
due to destructive interference. In an elegant corollary, one can
now try to suppress the emission process in a photovoltaic device
(which in this case is the undesirable process, leading to efﬁciency
loss via recombination), by replacing the upper level with a near-
degenerate doublet, engineering the system parameters such that
the two recombination sub-processes interfere destructively.
Recently, Dorfman et al. [219] have introduced a promising
approach to this problem, in which the light reactions are analyzed
as quantum heat engines. Treating the light-to-charge conversion
as a continuous Carnot like cycle they show that quantum
coherence could boost the photo-current of a photocell based on
photosynthetic reaction centers by at least 27% compared to an
equivalent classical photocell.
Two seemingly unrelated effects attributed to quantum coher-
ence have been discussed. First, an enhanced solar cell efﬁciency
was predicted and second, population oscillations were measured
in photosynthetic antennae excited by sequences of coherent
ultrashort laser pulses. Both systems operate as quantum heat
engines that convert the solar photon energy to chemical energy
in photosynthesis and to electric current in solar cells. Artiﬁcially
reproducing the biological light reactions responsible for the
remarkably efﬁcient photon-to-charge conversion in photosyn-
thetic complexes represents a new direction for the future devel-
opment of photovoltaic devices.
6. Conclusion
In this review, we summarized different PV device concepts and
their efﬁciency theoretical limits where more discussion emphasize
is toward the losses. It is shown that the efﬁciency of single-junction
PV is at best 33.3% in normal conditions at 300 K. This can be
improved by either cooling or optical concentration to 48.48% and
40%þ respectively. However, optical concentration is more practical.
Cooling toward very low temperatures is not practical; yet, it can be
conceptually mimicked. For multi-cell PV systems, the efﬁciency can
be improved by reducing the losses due to thermalization and
unabsorbed photons. The analysis shows that split-spectrum system
should result in better efﬁciency when compared to multijunction
and intermediate cells. Though bulky, it is easier to build.
Few lessons from nature and other ﬁelds to improve the
conversion efﬁciency in PVs are presented and discussed. From
photosynthesis, although it was shown that the whole conversion
efﬁciency of photosynthesis process is not compelling, the perfect
exciton transport in photosynthetic complexes can be utilized for
PVs. Remarkably, in plants, bacteria, and algae, the photon-to-
charge conversion efﬁciency is about 100% under certain condi-
tions. Also, we present some lessons learned from other ﬁeld that
can be used in PVs like recombination suppression by quantum
coherence. For example, the coupling in photosynthetic reaction
centers is used to suppress recombination in photocells. Theore-
tically, it can enhance the net photo-generated current by 35%.
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Fig. 22. The current enhancement due to coupling between the original doners as a
function of various relaxation rate (γx) and the electron transfer rate (γc) at 300 K
(copied with permission from the original paper: PRL 111, 253601 (2013) [16]).
Fig. 21. The photosynthetic reaction centers used in the scheme proposed by
Creatore et al. [16] to enhance photon to current conversion by suppressing the
recombination. In (a), the doners D1 and D2 are identical, but uncoupled. In this
case, the recombination is not suppressed and the rates γ1h and γ2h are equal. (b) is
the level scheme of this case. In (c), the coupling between the doners results in
coupled eigenstates (X1 and X2) due to the symmetric and antisymmetric super-
position of the original doner states. The level scheme of this system is shown in
(d). The analysis shows that recombination is suppressed as a result of the coupling
(copied with permission from the original paper: PRL 111, 253601 (2013) [16]).
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